I. INTRODUCTION
A great amount of effort has been devoted to the study of the EPR properties of n-type silicon at low temperatures. ' The observed characteristics of samples with relatively small impurity concentrations (Nn) are reasonably well understood in terms of the isolated-donor or pseudo-hydrogenatom model. In this model the paramagnetic extrinsic electrons are strictly localized to a given impurity site. On the other hand, the properties of very heavily doped samples can be interpreted in terms of the forma. lisms usually x"eserved for high-density delocalized-electron "metallic" systems. 3T he present work is concerned with the relatively more complex EPR properties of samples with impurity concentrations intermediate to these extremes. In the case of phosphorus-doped silicon (Si: P) 10'7 donors/ cm3 the values of T, are relatively large, which entails that "rapid-passage" EPR spectra, are observed, whereas "slow-passage" signals are monitored for higher temperatures and/or impurity concentrations.
The different characteristics of these two types of spectra have hitherto prevented observation of signals which vary in a smooth and interpretable manner over the whole of ihe intermediate range. The anomalous line shapes reported by Morigaki and Maekawa and, concomitantly, the lack of distinction bebveen rapid-and slowpassage signals, introduce sufficient ambiguity into their experimental data to prevent their com-piete acceptance. Some of the reported" observations can, in fact, be interpreted as due to violations of the rapid-passage conditions and/or the mixing of absorptive and dispersive responses.
In this work we have studied, under rapid-and slow-passage conditions, the inhomogeneously broadened' EPR responses of Si: P samples with 5 x 10'6~N~~1 .6 x 10'8 donors/cms at temperatures 1. 1~T~3 5 K. Particular care was taken to ensure that all spectra observed mere directly related to the so-called "absorption envelope" which represents the inhomogeneously broadened shape of the imaginary (y") part of the total magnetic susceptibility (1 =y' -zy ") of the sample.
An important result of this approach is that the envelope spectra obtained vary smoothly with Nã nd can be directly compared from sample to sample over the entire intermediate concentration range. In order to facilitate interpretation, these envelope spectra are then decomposed into a small number of distinct components, each of which can be identified with a relatively mell-defined subgroup of the randomly distributed donor spin system (i. e. , "isolated" donors, donor pairs, donor triples, etc. ). The experimentally observed behavior of the shape, intensity, and relaxation parameters associated with each of these components are used to justify this identification, evaluate previous models, and follow the spin-system dynamics.
Section II consists of a brief summary of the EPR responses obtained from inhomogeneously broadened spin systems, and is followed (Sec. III) by a description of our experimental techniques. Relaxation times, linewidth, and other data are reported in Sec. IV prior to a discussion of these results with respect to simple models in Sec. V.
II. PASSAGE CONDITIONS AND THE OBSERVED SPECTRA

A. Introduction
The most conveniently interpreted EPR signals are obtained when the spectrometer is tuned to monitor either the purely absorptive or purely dispersive responses of the paramagnetic sample. Slow-passage signals may be observed under either of these tuning conditions. Rapid-passage situations, on the other hand, require the spectrometer to be tuned to monitor dispersive responses, since the absorptive signal intensity is appreciably reduced by the saturation of the spin system. For an inhomogeneously broadened spin system as obtains in Si: P, however, both the rapid-passage dispersive and the slow-passage absorptive responses can be simply related to the absorption envelopes. We (&H~) are shown as a function of ND in Fig. 4 . These widths were obtained by either the modulationamplitude or slow-passage saturation techniques depending upon the magnitudes of the spin-relaxation times. The observed values of 4H~~were independent of temperature (up to at least 10 K) in all samples. As noted in Fig. 4 IV A (ii) for g, -g,]. The latter shifts are apparently explicable in terms of the second-order Jdependent energy-level scheme, and hence an equivalent shifting mechanism would appear likely to exist in the case of the donor triples and larger clusters, which, according to our thesis, are the dominant sources of the BCL.
The observed concentration dependence of gm ay be attributed to the enhanced electron delocalization which obtains in the increasingly large clusters which appear as N~is raised to 2x 10~8 donors/ cm . In large enough clusters, the collective behavior of the extrinsic electrons mill produce shielding effects that reduce the attractive potential of any particular impurity site in that cluster. In the limit of total shielding (no hyperfine interaction) me expect to monitor a single EPR line mith the "free"-electron g value g, . In this viem, the shift of g~t owards g, with rising R~reflects the increasingly delocalized nature of the extrinsic electrons responsible for the BCL.
The observed shift in hyperfine-line position indicated by the concentration dependence of gH would appear to be a phenomenon entirely distinct from the expected shifts due to the second-order (in A. ) terms in the donor-pair transitions mhich occur at or near the hyperfine-line frequencies.
Our only explanation for this result must be based on the ideas of Sec. V C, in mhich it is argued that the isolated (hyperfine line) spins relax via cross relaxation to the faster relaxing clusters associated with the BCL. Some of the allowed transitions corresponding to clusters of three and four donors occur at or near the hyperfine-line frequencies, and it is these transitions which may be responsible for significant cross-relaxation effects. If these transition frequencies are appreciably shifted by second-order effects similar to those predicted for the donor pair, me may expect the hyperfine lines to exhibit a similar shift. This is, of course, providing the cluster transition is still within 1/Tz of the original hyperfine-line resonant frequency, and the intrinsic hyperfine spin relaxation rates are slower than those associated mith cross relaxation. Such a mechanism would also be temperature independent within the above limitations.
C. Linewidths and relaxation times
In this section we first discuss the spin-packet width and spin-lattice relaxation-time data pertaining to both the BCL and hyperfine lines. Sub 
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The parameters a and (T, T2)'~2 may be obtained in the manner described by Castner. 22 The Gaussian half-width 4H~is not necessarily equal to the width of the experimentally observed line. Gi,ven the width of the Gaussian envelope~G. This is not the case for~p &&H~, since it gives the unphysical result that the spin-packet half-width is greater than &+Ob, for situations in which the inhomogeneity parameter a (=~p/&&g) is greater than 1. As shown in the Appendix, however, the Voigt-profile half-width is actually related to the spin-packet width~Hp according to ++p = (a/au) &&,b"where se is a correction factor which, when a»1, becomes approximately equal to a. This gives the more appealing result that the spin-packet width in the 'homogeneous" limit is equal to the halfwidth of the experimentally observed line. T (t) and S (s) refer, respectively, to the triplet and singlet electronic (nuclear) spin states. fThe subscripts attached to these symbols indicate the components of these spins along the z direction (parallel to H). ] At low enough temperatures the states involved in transitions (i) and (ii) become thermally depopulated and, in this limit, the central-line intensity arises largely from transitions (iii) and (iv). Using the energy levels calculated (Ref. 8) to second order in A, we find that the latter pair of transitions occur at a resonant field which (assuming h»& J) lies =A. J/4'~below the midpoint of the 'isolated" hyperfine-line spectrum. This would account for the anomalous displacement of the central line at low temperatures. Furthermore, since transitions (i) and (ii) correspond to resonant fields displaced by +& J/4'~from the hyperfinespectrum midpoint, one would expect the increased contributions from these transitions with rising temperature to eliminate the anomalous shift of the slightly
